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ABSTRACT
The properties of electrolytes, separators, and zinc
deposits (pertaining to zinc penetration through separators
in silver-zinc cells) were investigated.
A study of the diffusion coefficient of zincate as a
function of KOH concentration was made.
The absorption and diffusion of zincate in separators
C	 were measured. The adsorption of surfactants on mercury was
measured and compared with their influence on zinc deposi-
tion.
Electrodeposit.ion of zinc was carried out in special
cells. A relationship between type of zinc deposit and over-
potential wa3 established.
A
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t1P- 	INTRODUCTION
The way in which zinc is redeposited in a secondary silver-zinc
cell is a key point in the utility of the system. As is well- known,
on repeated cycling dendrites are formed leading to penetration of
the separators and eventual failure of the cell by means of a "hard"
short. The problem has been attacked on a more or less empirical ba-
sis by a number of investigators, for example, by Dirkse (1,2) and
Lander, and Keralla (3), with only moderate success. In this project,
we have been requested to undertake, principally, the examination of
the mechanisms of zinc.growth and penetration of separators, the re-
sults to serve as the basis for corrective measures.
A conventionally designed silver-zinc cell is silver-limited. The
4	
zinc electrode when the cell is even fully charged, consists of a mix-
Y
	 ture of zinc and zinc oxide. Since excess zinc oxide is present, plat-
ing during the early cycles takes place from saturated zincate solution.
Even at high rates of charge, the overpotential of zinc is very low.
Examination reveals that the deposit of zinc is soft and is formed of
very fine whiskers. Under such conditions there is no .indication of
zinc penetration through the separators. On further cycling certain
changes occur in the structure of the zinc cell. The zinc deposit in
the middle of the plate densi.fies. and the excess zinc oxide slowly dis-
appears from the edges of the electrode. In later stages of cycling,
the zinc plates lose their capacity, the zinc depo.Qit accumulates. in
the middle of the lower part of the electrode, and penetration of zinc
R
(,
1
through the separstors occurs.
I
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It is possible to cause zinc penetration much sooner in cells de-
signed so that they are zinc limited from the beginning. Therefore, the
excess of z.i.nc oa ltidY and the consequent saturation of the solution with
zincate seems to be a necessary factor in proper functioning of the zinc
electrode. Whenever an excess of zinc oxide was present, the very fine
mossy deposit was formed in the plates, but on the peripheries of the
electrode froin which the excess -inc oxide had disappeared, a, different
type of deposit was formed, which, upon microscopic investigation, showed
a crystalline dendriti.c structure. It is at the periphery that zinc pen-
etration occurs first; according to Romanov (4). It was therefore apparent
that these two different types of deposits are formed under different con-
ditions of zincate transport to the areas of deposition. It was also in-
tuitively obvious that when the zinc electrode becomes limiting, then the
overpotential must be higher than at the beginning of the cycle when sil-
ver is limiting.
It was the aim of this work-to find the correlation between the type
and structure of t,he, ,zinc deposit, the conditions of transport of zincate
to the plating areas, overpotenti.al and its components, and zinc penetra-
tion through the separator. To fulfill this, it was necessary to study
separately certain propertie.s.of the electrolyte important for plating,
of which the diffusion coefficient of zincate was the most important.
The other principal. phases of the study were the properties of separators
in zincate solutions, and the kinetics of zinc plating from free elec-
trolyte and at the region of contact between the electrode and the membrane.
Previous theories of dendritic plating cannot be directly applied to zinc
2
{plating because they do not predict the existence of two distinctly !iffer-
ent types of deposit, mossy and dendritic. Oxley (5) attempted to apply
the Bockris-Barton theory (6) (which was developed for silver-nitrate
melts) to zinc dendrite formation in alkaline solution. However, this ap-
proach did not explain the mossy deposit formation. It is clear that moss
forms at very low overpotentials in concentrated or even saturated solu-
tions of zincate at current densities much below the diffusion limiting
currents. On the other hand, zinc penetration through the separators seems
to be related to the conditions under which the mossy deposit changes into
a dendritic deposit. A theory which takes these points into account is
therefore needed.
Kryukova (7) investigated by means of the microscope the morphology of
zinc deposition on electrodes wrapped in separators. She noticed the con-
siderable effect of surfactants on the shape of dendrites formed and on
penetration through the separators but gave no theory of zinc penetration.
Higgins (8) studied the formation of moss and dendrites in a hyberbolic
cell. In such a cell the cathodic current density varies linearly along
the length of the cathode. He found that there exists a critical current
density value below which moss is formed and above which dendrites are
formed. Extension of this approach seemed valuable. Because o the needle-
like shape of dendrites it was often postulated that dendrites, growing,
puncture the separator mechanically. It has also been postulated that the
zinc deposit actually grows into and within the separator. In the first
case, the mechanical strength of the separator would be the major factor
in zinc penetration; in the second, the chemical and electrochemical pro-
perties would be more important.
,_
3
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The prograin for an investigation of the problem has been divided into
study of the electrolyte, study of separator properties and functions, and
deposition mechanisms. Material from cell studies is also presented.
i
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2.	 Diffusion of Zincate in KOH Solutions
To estimate the diffusion limiting current for zincate under various
conditions of plating, the diffusion coefficient must be known. Since no
literature data are available to show how this c.Nefficient changes in very
concentrated solutionsp it was necessary to measure it. Polarography on
the mercury dropping electrode was used for this purpose. Polarograms were
run on a Metrohm polarograph without oscillating damping. The capillary
efficiency was 3.00 mg/sec and the drop times are given in Vise Table 2.1.
Table 2.1
KOH Concentration	 Drop Time
6
r.<
5.5% 1.60 sec
25% 1.77 sec
30°0 1. 92 sec
35% 2.20 sec
40% 2.61 sec
44% 2.62 sec
Zinc is easily determined polarographicall.,r in certain supporting
electrolytes. For example, it gives a well defined wave at L.OV in ammonia
buffer (1N NH4C1, 1N NH40H). In KOH solutions the half wave potential,
E1/2, is about 1 . 5V. However, if the KOH solution is concentrated the wave
does not separate well from the current of the supporting electrolyte.
It was reported that for some conditions zinc forms a double wave
in concentrated KOH solutions (1). As is known, in concentrated
electrolytes polarographic maxima of the 2-nd order usually appear unless
properly damped with a surface active substance. Surface active substances
damp polarographic maxima only in the potential range in which they are
adsorbed. Most of the commonly used maxima damping substances cannot be
used in concentrated KOH because of their desorttion at low potentials
5
4
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Consequently an apparent second wave appears above the desorption potential,
which is not diffusion current but a maximum of 2-nd order.
It will be shown later in the report that for some surfactants, e.g.
Triton X-100, the half-wave potential for zinc lies within the range of
potentials in which the surfactant desorb q . Consequently zincate in the
presence of Triton X-100 produces an apparent double wave. Another sur-
factant, Igepal CO-730 0
 was shown to desorb more gradually over a much wider
range of potentials which includes the zinc half-wav6 potential. Con-
sequently Igepal damps the maximum completely and only a single wave appears
in the zinc polarograms.
Solutions of 5 x 10'3M zincate in KOH of various concentrations were
prepared, saturated with Igepal, filtered and flushed with N 2 gas for 15
minutes. Polarograms of these solutions are shown in Fig. 1 and Fig. 2.
Blank polarograms without zincate are shown also. The diffusion coefficient
• can be calculated from the height of the polarographic wav#_ only if the
wave represents a diffusion	 current and not a kinetically limited
current. In concentrated KOH there are at least two ways in which the
zincate complex can be reduced. Transport of the electrons can be pre-
ceded by the dissociation of the zincate complex to Zn+2
Zn(OH)^2	Zn+2 + 40H	 (2.1)
Ln+2 + 2e-	ZnO	(2.2)
or it can be reduced directly
Zn(OH)4 + 2e'
	
Ze + 4oH'	 (2-3)
I
e* ,
6
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In the case of dissociation of the complex there exists a possibility
that dissociation would be a rate limiting step. The usual polarographic
technique to determine whethcr diffusion or a kinetic process is limiting
the overall reaction rate is to check the dependence of the limiting
current on the pressure of mercury in the mercury feed supply. Change in
pressure corresponds to cha.jge in the height of the mercury level. Kinetic
currents are proportional to •,he surface area of the drop and independent
of the rate of mercury flow. Diffusion limited currents are dependent
on the rate of flow and are proportional to the square root of mercury
pressure (pH
8 ).
The dependence of the polarographic limiting current of zincate
(5 x 10-3M in 35% KOH) on the square root of the mercury pressure is
down in Fig. 3. The curve is linear and the rise in height of the polaro-
graphic wave indicates that the current.is  diffusio. limited and that
dissoc-iation is not a limiting step.- It does not disclose whether
dissociation precedes the reduction step. If the concentration of the
complexing agent (OH- ) is increased, El/2 should become :;:fire negative if
dissociation is involved. Otherwise E l/2 will stay constant.
Fig. 4 shows that E1/2 .varies only by an :amount corresponding to the
change in HS/Hg0 reference potential. Consequu-^ntl y El/2 is constant. The
discharge of zincate ion is therefore probably ;Unated by charge transfer
of at least the first electron. We will assume . for the moment that a
similar mechanism is involved when plating zinc on zinc, although in some
other processes slow surface diffusion of adatoms may be the rate .limiting
step in activation control.
0
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Once it is known that the rate of zinc deposition on a mercury dropping
electrode is diffusion limited, the diffusion coefficient D can be calculated
from the modified Ilkovic equation:
i = 607nD1/2 Cm?/3 tl/6 (1 + ADl/2tl/6 )	 (2.4)d	 ml/3 -
where: id = the diffusion limiting current
n = the number of electrons involved in the reaction = 2
C = the concentration of zincate in millimoles per liter
m = the capillary efficiency in mg/sec
t = the drop time of mercury in sec.
A	 constant, taken as 31.5 following Meites and Meites.
Some error (up to 5%) may be connected with the choice
of this constant.
The height of the polarographic wavas was measured in two ways -
with and without correcting for current of the supporting electrolyte.
Curve 1 in Fig. 5 represents the dependence of the.limiting current of
zincate on the concentration of KOH, measured-in the normal way. It
includes no correction for blanks, Curve 2 in the same Fig. re;1^7esents
corrected values. Insertion of these value s into the Ilkovic equation
yields the diffusion coefficient as a function of KOH concentratoof . It
is evident that for KOIJ concentrations up to 30% the current and therefore
the diffusion coefficient stays practically constant. This works out to
about 8.5 x 10-6 cm2/sec. At higher concentrations a sudden decrease
down to 1.5 x 10-6 cm2/sec occurs. The.calculated.diffusion coefficients
are shown in Fig. 6. It is interesting that the shape of the curve does
ik
I
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not correspond to the Einstein-Stokes equation,
f
D =	 kt
	 (2.5)
6nrrl
where: k = Boltzman constant
T = Absolute temperature
r = Particle radius
n = Viscosity.
This equation requires that D be proportional to 1
n
In Fig. 7, D is plotted as 1 but no linear relationship is obtained.
^j n
t
0
REPORT No. 617-65
FINAL REPORT
NASA
3. Solubility and Diffusion o:f Zincate in Membranes
	 `
3.1 Absorption of Zincates in Separators
In order to establish if there exists any specific interaction be-
tween zincate in solution and separators, absorption isotherms were
measured as follows:
Cellophane, PVA and grafted polyethylene separators were soaked for
5 days in 44% KOH containing zincate in amounts from 10-3M/l to saturation.
After this period they were removed from the solution, the surface was
dried by toweling and they were weighed and then decomposed at 550 0C in
a furnace. ZnO was extracted with a hot 1M ammonia buffer, centrifuged
and polarograms were run with gelatin as maximum suppressor. Because the
quantity of a9lsorbed liquid was known, the apparent analytical con-
centration of zincates in the abporbed liquid could be calculated. The
	
t^
results are shown in Fig. 8. The interrupted line in this figue shows
approximately how the concentration of zincate would rise in the separator
with increasing concentration of zincate in the solution surrounding the
membrane, assuming the Nernst separation coefficient between two phases
to be equal to one. The change in KCH density due to zincate is neglected.
The straight line would be obtained if separators did not interact in any
way with zincate and if the composition of the liquid entering the separator
remained unchanged.
Fig. 8 shows that this is not the case. Consider first low con-
centrations of zincate, say up to 0.2Mole/liter. The apparent concentrations
of zincate in the sorbed liquid are higher than the dotted line predicts.
Zincate therefore is accumulated in the membrane at low concentrations.
10
F%
n 9
i IV
REPORT N0. 617-65
FINAL REPORT
NASA
This takes place in all three types of membranes. The internal analytical
concentration of zincate in the separators rises rapidly with concentration
in the external zincate and reaches a plateau. The plateau on curves (1)
and (2) for cellophane and PVA is below the saturation concentration.
Therefore, we have to exclude the possibility of precipitation of solid
ZnO. Consequently, it appears that adsorption of zincate on both separators
takes place.
Increase of external concentration from 0.4M/liter to 1.OM/liter causes
a much smaller increase in concentration inside the membrane. The con-
centration of zincate inside the membrane is lower in this range than in
the external solution. Finally, at external concentrations above 1
mole/liter plateaus are reached. It is suggested that these plateaus
are related to the saturation of the liquid inside of the separators with
zincate. We can therefore distinguish between the zincate adsorbed at the
surface of micro-fibers of cellulose or PVA, and zincate in the electrolyte
present between them.
Based on the above explanations, the relation between the zincate in
the separator and the concentration of zincate in the external solution
can be considered as an adsorption isotherm. Adsorption isotherms of
zincates on various separators are given in Fig. 8 and Fig. 9. Adsorptionis
strongest on cellophane (1). Next is grafted polyethylene (3) and lowest
is PVA.
In the case of grafted polyethylene, the internal analytical zincate
concentration reaches even higher levels, indicating strong adsorption.
(See Fig. 8).
1 14
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From the above, it appears that the relation between internal and
external zincate, at low zincate concentrations is similar in Form to the
familiar adsorption isotherm. At higher zincate concentrations, the curve
represents the sum of adsorbed and absorbed zincate.
The data of Fig. 8 are replotted in Fig. 9 in terms of the weight of
the membrane (moles zincate/kg of dry membrane) rather than in terms of
the absorbed solutions (moles zincate kilogram of -absorbed liquid), in
this form, the curves are more nearly in the usual form of adsorption curves.
As can be seen, adsorption is strongest on cellophane, and progressively
weaker on grafted polyethylene and PVA.
3.2 Outline for Calculation of Zincate Solubility in Membranes.
Luring the zinc penetration process a growing zinc dendrite leaves
the liquid phase and enters the solid phase (separator). The diffusion
'J
Coefficients in the phases are obviously different. 4ks was shown in
Section 3.1, the concentration of zincate in the two phases is also
different. The diffusion coefficients and the separation coefficient of
zincate between the phases then determine the concentration gradient
across the membrane.
Knowledge of the zincate transport parameters is necessary for under-
standing of the deposition of zinc inside of the separators. The determi-
nation of the diffusion coefficient is complicated by the fact that the
analytical concentration of zincate in the membrane does not necessarily
correspond to the concentration involved in diffusion. The difference is
due to the fact that part of the zincate is chemisorbed in the membrane.
Consider now Fig. 10. Line Obed represents the shape of the absorption
12
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curve in the cellophane or PVA. It shows three distinct regions. In the
first region the concentration of absorbed zincate rises sharply to a
plateau. In the second region the slope increases again. The second
plateau constitutes the third region.
That the first region represents adsorption (line Oa) is clear from
the fact that the analytical concentration of zincate in the separator is
many times larger than in the surrounding solution. The presence of sur-
factants in the solution influences the first region, probably due to
competitive adsorption. This will be discussed in section 3.5.
The second region is more controversial. If the second rise repre-
sented the BET type of isotherm with formation of multilayers of adsorbed
zincate, then this would mean that there is practically no free zincate
in the membrane. This would be incompatible with the fact that zincate
diffuses through membranes. Although the rate is slower than in free
electrolyte, nevertheless some free zincate must be involved in the
process. It appears therefore that the second region corresponds to the
free zincate present in the membrane (line b). The third region probably
represents zincate saturation of the electrolyte in the membrane. Since
the KOH concentration within the membrane is lower than the external con-
centration, zincate solubility is correspondingly reduced. Consequently,
zincate saturation occurs at a lower value inside the membrane.
Based on these concepts, we can now attempt to establish a quantitative
relation between the free and adsorbed internal zincate concentration and
the external zincate concentration. Let C be the total analytical con-
1 36
centration of zincate in the membrane. Ca
 = the apparent concentration
13
	a f 
	
ffcf	
_	 f 
	
acu	 fouCou	
N	 fou
(3.2)
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of adsorbed zinc in moles per liter of absorbed liquid adjacent to the
adsorbent (organic fiber) and C f
 = concentration of free zincate present
in the interfibrilar liquid. Then
C=Ca+Cf	 (3.1)
Let Cou be the zincate concentration in the external electrolyte. The
experimental dependence of C on C ou follows the pattern given in Fig. 10.
Cf
 does not increase linearly with increase of the outside concentration
of zinette (Cou ), indicating that the ratio Cf/Cou = Kp varies with Cou.
Assume that the Nernst partition law
%I
where f's are the activity coefficients, and a's are the activities,
holds for the distribution of zincate between the membrane and the outside
solution. The relation between Cf
 and Cou is an important part of the zinc
penetration problem and condequently it is important to know if
Cf/Cou = KNfou/ff is a constant or a function of C ou, when the total ionic
strength is practically constant.
Harned and Owen (9) accumulated sufficient material to .show that when
the.molality of one strong.electrolyte in a mixture with another is in-
creased so that.the total..ionic strength stays constant, the logarithm of
the activity coefficient increases linearly. The relationship is linear
even for very concentrated electrolytes.and for both monovalent and multi-
valent ions..
Utilizing the above information we can write the same linear relation
6
14
exp f-b(Cou - C )}
Cou	 f	 N14
(3.5)
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between f and C for two cases:
Zincate outside of the membrane and zincate in the membrane.
..
Log f°u = a + b Cou
log ff =a+bCf
Where a and b are constants.
Subtracsting the second equation from the first we get
log f°u = b (Cou - C )
f	 f
f
(3.3)
(3.4)
Taking the antilogarithm and substituting (3.4) in the Nernst partition
formula (3.2) we get
I."
	 We can represent b arbitrarily as a ratio of two constants K. and Cs,
where Cs
 is the concentration of saturated zincate in the KOH concentration
existing in the membrane.
Then, we can write
Cf	t,°uKN 
exp{Kl (C
ou 
-Cf)}	 (3.5a)
CS
and if Cou » Cf approximately we have:
C  = C°uKN
 exp (Kl Cam)	 (3.6)
Cs
Using this formula we can estimate quantity of free zincate in a membrane,
after determining the constants.
The quantity of zincate adsorbed on the separator can be calculatedjr
through the use of the Langmuir isotherm. For small values of Cou which
15
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is the region where the quantity of adsorbed zincate varies, equation 3.6
-a s
i
can be put in linear form:
C = Cour, (1 + K Cou ) = CouK
f	 N	 I	 N
CS
(3.7)
Now, adsorption on the fibers inside the membrane depends directly on
C  and only through C  on C° u. Assuming that the number of adsorption
sites and the heat of adsorption are constant, and utilizing Eq. (3.7) we
can write the Langmu-ir adsorption isotherm as:
C = C^JD K2 C f
	 CO0 KNK2Cou
	
(3.8)
1 + K2Cf	 1 + KNK2Cou
where CF, is the limiting value of C a , and K2 is a constant.
Combining (3.1), (3.6) and (3.8) we obtain an expression for the total
analytical quantity of zincate in the membrane at constant temperature
as a function of C ou for Cou< Cs. This is, of course, an absorption
isotherm. The expression is
KKCou
C = C	 N 2	 + KN Cou eXp {KlC /Cs}
1+KKCou
N 2
W
x^
(3.9)
Note that Cou can exceed Cs
 if solubility in the membrane is lower than
in the external solution. Constants of the absorption isotherm are easy
to find from the experimental values. We can determine the limiting
adsorption Ca - C0° by measuring the height of the first plateau as in
Fig. 10.
We can determine the adsorption coefficient K2
 from the reciprocal of
the expression for the Langmuir adsorption isotherm: 	 It
16
•CC = 1+KKKCa	 N2
1CM	 (3.10)
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The slope of the plot (coo /Ca) vs. (Cou ) -1 , measured at the beginning of
the absorption isotherm gives (KNK2 ) -1 . After determining K  as given
below, K2
 can be calculated. We start by putting equation (3.6) in the
logaritiui.ic form.
In Cf/Cou = In KN + Kl Cou/Cs	 (3.11)
The value of Cs
 is ready by extrapolating the curve b and plateau d to the
intercept C. (Fig. 10). The constant K N is found from a plot of In
(Cf/Cou) vs. Cou for values in the intermediate region of the absorption
carve. For our purpose the range of very low Cou is especially important
since it is in this range of Cou that deposition of zinc in the membranes
takes place. In this range,
Ca + C  
= 
(K2 + 1 ) K.Cou	 (3.12)
1 Cou
As will be shown later the ratio= C for small Cou values is large.f
Since only free zincate can participate in diffusion, Cf controls the rate
of deposition. The large value found for Cou/Cf explains why separators are
effective in preventing zinc penetration so long as certain conditions are
fulfilled. (See Fig. 14). The conditions necessary for zinc growth in the
separator will be discussed later in this report.
3 . 3 Outline.For.-.Cglculation of Zincate Distribution in the Membranes
During Stationary Diffusion
Let us take .a membrane, of thickness 1, .between ,.two zincate solutions
I and II. Diffusion occurs along the X coordinate in the membrane. Let
17
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the interface between the membrane and solution II be at X = O, while the
interface between the membrane and solution I is at X = 1. The con-
centration of zincate in solution II is equal to Cou , while the con-
centration in solution I is CIu .
As will be shown later, separator penetration takes place only when
the concentration of zincate is low on the side of the separator adjacent
to the zinc plate. This side cotresponds to solution II at X = 0 0
 and Cii
can be taken as zero. Only the gradient of Cf across the membrane will be
responsible for diffusion. Under such conditions the flux of zincate
along the X coordinate in the membrane is represented by
it V._
W
ra
J=Df (-^—Cf f8 X
(3.13)
and will be a function of CI  since both Df and Cf are functions of this	 t
quantity.
Cf
 is dependent on Cou as was shown ;n Eq. (3.6).
From (3.2)
Cf ff 	
_^N
= Cou fou K
-	(3.14)
Following the treatment of Onsager (10) and Eyring (11) we can write
the expression for the diffusion coefficient as a function of the activity
coefficient as follows:
d In (Nf ff)
f	 o d In N f
(3.15)
Where Do is the activity - independent diffusion coefficient ) Nf is the
4
mole fraction of zincate in the electrolyte present in the menZrane, and
18
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ff
 i:, the corresponding activity coefficient. Because in our case U.0.1.
Eq. (3.15) reduces to:
D	 D 
dln Cf ff
	
^- ^	 ( 3. 16)
f-o dlnCf
Substituting from Eq. ( 3.14) gives:
d In (KN 
Cou fou)
	
Di, = Do	 (3.17)
d In C f
or
D ^ D' (d In KN
 Cou + d In foul
Cf
(3.18)f	 o d In C f	  In C 
Inserting Eq. (3.3) into (3.18) we get:
d ].n K Cou	 d Cou	 1
	
d In Cf	 d In Cf
This equation describes the variation of Fick's diffusion coefficient Df as
a function of Cou.
If Do is an activity - independent diffusion coefficient then the flux
of zincate along the x coordinate at any moment of time at any point of
the membrane is:
Cf	 elf	 _	 a Cf ff
JxI t = D f (^.^-)x^ t = Do (__a _._)x t - Do (-a -x—)x, t	 (3.20)
substituting our expressions for C f and ff
 in Eq. (3.20) gives
(Cou fou 
KN)	 ou ou	 ouJ-	= D' { a __.. fou KN)	 D { a (C f ) } = D	 (3.21)x,t	 o	 ax	 o	 a x	 pax
^A
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Where Do Do KN
	(3.22)
The stationary flux from the zincate-rich plane I to the zincate poor
Plane II is
J^ = Do ( a af) = Do (
a
- aou = Constant	 (3.23)
a x	 a x
and hence the gradient of o f must be-constant. Consequently for J
under the conditions CIu
 0 and O0I = 0 we can write:
a	 = a	 X= K aou X	 (3.24)
	
f,x	 f,I 1	 N	 1
or in terms of activity coefficients
f	 C	 K	 is nou X	 (3.25)f9x
f ,x 
= N r
, JI i
We find the ratio, Foujff x , in the same way as in the derivation
of eq. (3.6) from:
In fou = a + b Cou and	 ( 3 .26)
	
I	 I
In f
	 = a+ b C	 Z a+ b K Cou Xf,x	 f,x	 N I 1
In the last eq. Cf9x was replaced by KN Co" X only to estimate the
magnitude of Cf,x
Then
In f ou = bCou (1 - K X) = bCou	 (3.27)
	
f	 ;N 1	 If,x
t
0
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The last apprcximation is valid when K  «1. This is valid because K 
for our case, is small as will. be
 shown later.
Substituting fou/ff^ x from (3.27) into (3.25) we obtain
Cf, x = KN exp { bC Iu } C Iu 1	 ( 3 .28)
or bCou
log Cf^^ = log (KN Cou'X) +	 I	 (3.28a)
2.303
•	 Having Cf ^ X we can calculate the concentration of adsorbed zinc (C a at
any point of the membrane. From Eq. (3.8)
Ca,x = Coo (K2 Cf,x1 { 1 + K2 Cf,x } )	 (3.29)
Knowing J"a x and Cfox we can plot the distribution of the total inner
concentration of zincate Cx
C  = Ca ^ x + Cf1X	 (3.30)
i*0
in the membrane (CX vs. x).
3.4 F ,;sults of the Calculation of Zinc
in Cellophane from Experimental Da
Samples of cellophane PUD-300 were soaked for 5 days at room temperature,
in 44% KOH containing various quantities of zincate.
After burning off the cellulose, Zn was determined polarographically,
and the KOH was determined by titration. The KOH concentration in the mem-
brane was found to vary only slightly with increase of zincate concentration
(7.2M for no zincate, and 8.1M for .saturated zincate). The results for the
c1ipendence of the analytical content of zincate in the membrane. as a func-
-r*
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tion of outside concentration were analyzed in the manner described in sec-
tion (3.1.) to obtain the equilibrium solubility parameters. From the plot
of C vs Cou , the two constants, C ^, and C su were determined as in Fig. 10
to be:
Ca = C w = 0.35 moles/liter
C s = 1.1 moles/liter for 8.1M KOH
It should be noted that these values should actually be expressed as
moles per kilogram of absorbed liquid. However, the density of the
absorbed liquid varies with the zincate concentrations so that the
conversion cannot be made properly without measured values of zincate
density. For this work, which must be regarded as preliminary, we have
made the direct substitution. The constants as given are therefore too
low by a factor of about 1.4. This factor is the same for experimental
and calculated values so the comparison is unaffected.
This substitution will be adjusted later when zincate densities become
available.
Experimental Iralues of C f were found from the difference C f = C - COO
and are given in Table 3.1
,4
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T__
Experimental Values of Cf
n A
Cou, Moles of	 C, Moles/kg of
zincate liter
	 absorbed liquid
10-3
	0.218
10-2
	0.296
10-1 	0.354
0.500	 0.354
0.725
	
o.485
1.00
	 0.705
1.25	 0.817
Cf, Moles of zincate
kg of adsorbed liauid
0
0
0.132
0.351
o.463
1 i
I t
A plot of In C f1Cou Vs. C'ICs gives the coefficients KN and Kl
(cf. Eq (3.11)). All coefficients are listed in Table 3.2
The calculated values of Cf for various Cou are plotted in Fig. 11.
Since log Cf vs. log Cou will be necessary later.in the discussion on
diffusion we present it as Fig. 12. The adsorption coefficient K2KN
was found from the plot C 
-/Ca vs. (Cou )
-1 
(cf. Eq. 3.10) by utilizing
experimental points of C ou vs. Cf from Table 3.1. These results give
K2
 as 5.59 x 104 (liter mole -1).
The calculated absorpt cn constants for zincate in cellophane are
listed below.
Table 3.2
Calculated Absorption Constants for Cellophane in Zincate Solutions
K	 = 3.3 x 10-G
KZ	 2.4	 4	 1
5.6 x 10 liters mole - 1b - K ICs = 2.2 lite mole -
C	 0135 mole liter-*,.
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Thus we now have the necessary data to plot the absorption isotherm Eq.(3.9)
and to check its agreement with the experimental points. In Fig. 13 it may
be seen that the agreement is good.
The separation coefficient Kp = Cf/Cou is a function of Co', and this
dependence is shown in Fig. 14 curve 1. For convenience of discussion
also Kp
-1 
is included as curve 2.
It is evident from Fig. 14 curve 2 that when the zincate concentration
outside the cellophane drops, the concentration inside drops much faster.
In saturated zincate the concentration outside,
 the membrane exceeds the
concentration of free zincate in the membrane by a factor of only 12.
This ratio changes rapidly as the solution becomes more dilute; for example
in 0.01 M solution Cou/Cf
 = 30, which means that Kp reaches value of KN.
To obtain some indication as to what is the nature of the zincate
adsorption on the cellulosic fibers the ratio of moles of adsorbed zincate
to number of moles of glucose in the fibers was calculated. The formula
for cellulose is (C6HlO 0 O with M.W. of glucose in a chain equal to 162.
The density of cellophane is 1.61 g/ml. From our data -the maximum quantity
of adsorbed zinc (C,,) is 0.59 moles of zincate per Kg of dry cellulose.
Therefore at maximum coverage there were 9.6 x 10-2 moles of zincate per
mole of glucose. This corresponds to the adsorption of one molecule of
zincate per ten molecules of glucose. This implies then that there is no
adsorption along the cellulosic chain. The fact that one rolecule of
glucose can bind zincate physically or chemically and nine others cannot,
suggests that one molecule.
 occupies either a special position or is in a
state different from the others. This can be explained by assuming that
0
to
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zincate is adsorbed at the end groups of each chain. It is not known,
how many molecules are adsorbed at each end group. If n molecules are ad-
sorbed at each end (where probably 1 <n <4) then the mean degree of poly-
merization of cgllophane would be n x 20. This would correspond to a de-
gree of polymerization between 20 and 80 which is reasonably close to ac-
cepted values.
Once we have calculated Cf vs Cou we can consider haw the diffusion
coefficient Df changes inside the membrane as a function of concentration
in the membrane. This, we can calculate from Eq (3.19).
Finally the distribution of C  in the membrane during stationary diffu-
sion was calculated by means of Eq (3.28) for various Cou , when Coi = 0.
The results are plotted in Fig. 15.
To determine the pseudo diffusion coefficient D  in cellulosic separators,
J..., the flow under steady state conditions, was measured in a vessel composed
of two compartments separated by a keembr.ane. One compartment of the cell was
filled with 44% KOH and soaked overnight. Then zincate solution (140 Mg Zn0/ml)
in the same concentration of KOH was added to the second compartment and the
increase in concentration of zincate in the first compartment was determined
polarographically. D  was calculated from Eq. (3.31) which was derived from
Eq. (3.20) assuming that grad Cf,x is linear (see Fig. 15 and, consequently,
that Dofou = Dp = coast, and that Co » CII = 0
J ao = DpCIu^ l
Results are given in Table 3.3
lop
(3.31)
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Table
Pseudo Diffusion Coefficients, Dps of Zinc through
Cellophane Separators (Room Temperature)
Wet	 Permeation
Thickness	 Rate	 2DpSeparator	 cm	 Moles/sec/cm2	 cam. sec
PUD (300)	 .008	 1.3 x l0" 8 	6 x 10"8
Silver treated
PUD (300)	 .008	 1 x 10" 8 	 4.62 x 10-8
PUD (boo)	 .012	 0.95 x 10" 8 	8 x 10 8
Sausage Casing
	 .018	 0.55 x 10-8	5.75 x 10-8
(clear)
3.5 The Influence of Surfactants on -I sorption in Separators
In previous sections we discussed adsorption of zincate from KOH
solutions when no other substance capable of adsorption was present.
It is of interest to know whether the presence of other substances capable
of adsorption influences zincate adsorption on cellophane. In this
investigation srmples.of PUD-300 cellophane. were soaked for 5 days at
room temperature in 44% KOH solutions containing increasing quantities
of zincate. Three types of solution were used; Group I had no sur-
factant added, Group 2 was saturated with Igepal CO -730 and Group 3 was
saturated with Triton X-100.
After soaking, the surface of the samples was dried by toweling,. The
membranes were then decomposed at 5500C and zinc determined polaro-
graphically. The results are shown in Fig. 16. Curve 1 gives the
absorption isotherm of zincate without surfactant. Curve 2 shows the
influence of Igepal CO-?30 on the absorption isotherm for zincate, and
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curve 3 shows the si,nilar influence of Triton X-100.
It is evident that both surfactants decrease adsorption of zincate
on cellophane when zincate concentration in the outside sol°,-,tion is low.
In other words, adsorption of surfactants on cellophane decreases the
number of adsorption sites available to zincate. When the concentration
of zincate is sufficiently high zincate displaces surfactants and in
0.5 M solutions of zincate all adsorption sites are occupied by adsorbed
zincate, so that above this concentration there is no difference in C in
the presence of absence of surfactants.
The increase in total zincate content in`the membranes which occurs
above 0.5 M zincate, is due to increase in concentration of free zincate,
and so the surfactants have no significant influence on this portion of
the absorption isotherms.
3.6 Crystallization of ZnO in Separators
Microscopic investigation of separators which were soaked in
zincate solutions reveals the growth of crystals in the separators
almost immediately after they are taken from the solution and towelled.
This is not surprising, but it has a practical consequence. Separators
in silver-zinc cells undergo periodic wetting and drying during charge
and discharge, especially since thermal effects are involved. Also,
the liquid level falls in the negative compartment during discharge,
exposing the tops of the separators.
Cellophane, PVA, and grafted polyethylene 'were examined; two dis-
4 tinctly different crystal sizes were observed. To determine the
0
composition of the crystals in zincate-saturated membranes several tests
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were performed. First a cellophane membrane was soaked for 5 days in
44% KOH containing 0.6 M zincate. Then it was taken out, blotted,
inspected microscopically, boiled in water, and microphotographed (Fig. 17a).
There was no distinct difference in the appearance of the membrane before
and after boiling in water. In both cases large agglomerates of small
crystals were observed. Next the membrane was soaked in KOH overnight
at roam temperature. The photograph (Fig. 17b) shows that the agglomerates
had disappeared. In their place a transparent, apparently hollow space
was left. The crystals were therefore ZnO or Zn(OH)2.
Fig. 17c shows similar crystallization in PVA. What is worth noting
are the cracks in the separator around the crystals. Damage to the
separator is especially evident here.
Separators were soaked in solutions both with and without surfactants,
and were examined microscopically. It was observed that the condition of
the separator was the same in both cases, although in the presence of
surfactants slightly larger crystals are formed.
4. Microscopic. Investigation of Morphology
	Growth o, Zinc Deposits.
The pvxpose of the experiments was to find the effect of conditions of
electrode deposition on the .!morphology of zinc and on zinc penetration
through membranes. Electrodepos.ition of zinc was-conducted in cells
designed for microscopic .investigation of deposits and separators, during
actual flow of current. Such a cell is shown in Fig. 18, and its cross
section in Fig. 19. All electrodes of the cell were made of zinc sheet
(0.02"). The cathode (7) was covered by a thin layer of epoxy resin (8)
except for the edge in front of the anode (4). Cathodes were tested both
i
A
^wI
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with and without separator (0.0010 cellophane, DuPont PUDO-300). In parallel
with the cathode was placed a reference zinc electrode (5). Electrodes were
connected either to a potentiostat (Weaking) (1) or to a galvanostatic sys-
tem. The transparent cell case was made of plexiglass with polyethylene
washers (3). A microscope cover-glass formed one wall of the cell (9).
A metallographic microscope (2) was used for taking pictures. Magnification
of 100 diameters was used in taking photo-micrographs during the growth
of deposits. After the experiments were completed in this micro-cell, the
cathode was taken out and the penetrated spots in -the separators were inves-
tigated at 400 x and 1000 x (immersion).
Another way of examining the deposits was used where they were only
loosely aggregated. The deposit was scraped from the plate, shaken with
1
	
	 watr and then acetone, and dried, after which it was immersed in oil for
microscopic examination. It is convenient to mention here that in this
I a
	
	
work we found qualitatively different types of deposits which we classify
in four groups:
1. Smooth deposits - dense, with no pores visible at 1000 x.
2. Foam - (also called moss) - soft and weak deposit of low density,
and of very fine porosity (porosity in$is ible at 100 x) .
3. Dendrites - hexagonal elongated crystals, with branches visible at
100 X.
4. Heavy s- popAe - network of dendrites, visibly porous (at 100 x), rather
dense and hard.
The growth of zinc deposits was conducted either potentiostatically or
galvanostatically. In the potentiostatic method of growth, an over-
potential, r^ , of zinc was maintained constant versus a zinc reference
.t
electrode. It should be noted that zinc over-potentials in actual Ag/Zn
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cells, during galvanostatic charge vary between -10 mV and -100 mV, a
typical value being -15 mV. Values around -100 mV may occur on overcharge
of cells. We therefore chose a similar range of overpotentials for
potentiostatic studies under the mleroscope.
An example of potentiostatic deposition of zinc at n = -100 mV in
44% KOH saturated with zincate is given in Figure 20 and Figure 21. The
cathode was wrapped in this experiment. The picture of Figure 20 was
taken at 30 minutes after start and of Figure 21, 21 hours after start.
Figure 20' is a drawing corresponding to Figure 20 and serves for iden-
tification of significant features of the structure. The ;.° nc in this
example was deposited as a sponge which became heavier witn time. The
space: between the zinc electrode and separators was filled gradually with
sponge. Next, this sponge started growing into the separator (Figure 21),
A similar experiment in which no separator was present yields a
typical dendritic deposit with well formed hexagonal crystals 0.05-0.1 mm
in diameter (Fig. 22 and 22 1). On an electrode at a specific over-
potential we can have simultaneous formation of heavy sponge and dendrites
at different places. For example, figure 23 shows simultaneous formation
of heavy sponge and typical dendrites at the corner of the electrodes.
After sixteen hours more of plating, all of the free space in this corner
of the electrode is filled by heavy sponge, as is evident from Fig. 24.
The cause of the differences in structure of the deposit is undoubtedly
local variation in current density. It therefore follows that n affects
the form of the deposit only as it affects :focal current density.
Moreover, n iw not the only controlling factor, the other being the local
r
w
t
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concentration of the depusiting material, in this case zincate.
In Figures 25 through Figure 27 is shown potent'ostatic growth of a
dendrite toward a hole in the separator. Through this hole, zincate
diffuses more rapidly than through the separator. The local higher con-
centration of zincate causes a higher Zn deposition ^.:urrent and consequent-
ly the fo .-c,. ­,tion of well shaped dendrites. The rest of the electrode was
covered by heavy sponge.
Potentiostatic plating under similar conditions but as 15 mV over-
potential never leads to either dendrite formation or heavy sponge, zinc
foam being produced instead. Zinc foam filled the empty space between
the separator and the zinc electrode. Penetration of cellophane did not
occur under such conditions.
Oalvanostatic penetration of zinc through a cellophane membrane is
shown in Figure 28 through Figure 33. Deposition was conducted from 30%
KOH saturated with zincate. The current was 1 ma (current density de-
creased from 10 to 5 ma/cm2 ). The deposit was initially dendritic (Figs.
28 and 29) but turned into a heavy sponge in later stages of deposition
(Fig. 30 to 32). After the frem space between the separator.and zinc
sheet was filled by heavy sponge, penetration started. A cone of zinc
started growing into the separator. This cone does not show the char-
acteristic shape of a dendrite. While the zinc is penetrating the sep-
arator, only a slight bulging of the separator is visible. We therefore
conclude that the zinc deposit grows within the separator, rather, and
does not puncture it mechanically?
After penetration is complete, deposition continues preferentially
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at the penetrated spot. Visual examination in addition to the photographs
indicate that the external deposit is initially dendritic and then changes
to spongy and foamy (Figures 31 to 33)•
Galvanostatic plating was done also in a cell in which all conditions
were the same as above, but the cathode was unwrapped. In this case zinc
foam was deposited (Fig. 34 and 35), from the early stage to the moment
of short.
.Penetration of zinc through PVA (Fig. 36) has basically the same char-
acter as through cellophane but there are differences. Zinc 4bes not grow
into the FVI,,. on a wide front. Nodules of ziric in FVA are narrower than in
cellophane. Completed penetration is shown in Fig. 37•
It was important to know if surfactants change the character of t.+x
deposits. A solution saturated with Igepal CO-730 (General Aniline;: P, i,:;
Film) was used in the microcell. Cathodes were wrapped in 2.2KH grafted
polyethylene (Radiation Applicaticns Inc.) (Fig. 38 and Fig. 39) and in
PVA (0.0015 in. "Monocell" produced by Monsanto) separators (Fig. 40).
It was found that the type of deposit was changed from heavy sponge
type to dendritic by the surfactant. Penetration did not occur during
the same period in which PVA was penetrated without the Igepal, but sta-
tistical data are not as yet available.
In another experiment, zinc cathodes wrapped in FVA and in c^llophane
as a control were plated overnight in microcells in 30% KOH saturated with
zincate. Separators were penetrated and the results are show y_ in Figs. 41
through 44. The separators were taken out of the cells and examined. De-
posits grown in the separators are hexagonal crystalline dendrites. There
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'	 is no essential difference between the deposits in PVA and cellophane.
The diameter of dendrites in PVA is 2 to 3 times greater than in cello-
phane.
Penetra'ved grafted polyethylene is shown in Figs. 45 and 46. The de-
posit is crystalline, but the diameters of the dendrites are much smaller
than in cellophane under similar conditions. In general, the mechanism
of growth of Zn in the various separators tested seems to be the same.
The influence of various separatoi•s on the morphology of zinc depo-
sits seems to be primarily due to differences in the rate of diffusion.
Such differences are indicated in Fig. 47. The curves show the changes
in zinc overvoltage in 3 microcells connected in series. Cathodes in
these cells were wrapped in cellophane, grafted polyethylene and PVA.
The cells stood wet for two hours before turning on the current (30mA/cm2).
.
The overpotential initially rises due to decrease in concentration of
I	 zincates present in the space between the cathode and the separators. The
curves have a maximum after which stationary conditions of plating are
established. The ohmic overpotential can be responsible only for a small
part of the total. The major differences are due to differences in dif-
fusion of zincates throufih the separators. The fastest diffusion of
zincate is therefore through a cellophane separator. The above test
gives only qualitative information.
Zinc is deposited as foam (moss) from zincate-saturated KOH (30% to
440) either at low overpotentials such as 15mV or at low geometric cur-
rent density such as 10mA/cm2
 or less. At 100 diameters magnification,
the deposit appears to consist of grains. See Figures 48 to 52. At 1000
i
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diameters, the grains are found to consist of fine whiskers.
To get further .information about this foam it was disintegrated by
.-baking with water. The material was then washed in acetone, dried; im-
mersed in immersion oil and inspected microscopically at 1000 x magnifica-
tion. An example of foam at this magnification is given in Fig. 53. The
conLi.tions under which the photographs were taken were unsuitable for
showing the structure of the whiskers. Therefore, sketches of whiskers
were prepared as shown i" Fig. 50b c and d. Fragments of whiskers were
mainly straight or zig-zag. Only a small portion of the fragments was
branched. This suggests the structure of foam as consisting of a net-
work of very thin and elongated whiskers, interlaced rather than
interconnected with each other. The thickness of the foam's whiskers de-
pends only slightly on the current density within the range of their for-
mation. This is the opposite behavior from that of dendrites.
Diameters of the whiskers are of the order of 0.6 micron to 1 micron.
This means t t .<` whiskers in sponge are more than 100 times thinner than
a 'typical dendrite. This big difference arises when the current density
is changed by a factor of about 10. This suggests that there must be a
qualitative difference in mechanism of dendrite and foam formation.
Cellophane separators, penetrated as described above, were removed
from the micro-cells and examined microscopically. An example of a sep-
arator penetrated rapidly at constant high overpotential in zincate
saturated 44% KOH is shown in figure 54a. Figures 54b, c, d, show various
portions of the same separator at higher magnification. It is evident
that at n = 200 mV a typically dendritic penetration results. Crystal-
line dendrites are growing in the separator in all directions. There is
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'	 no preference for growth directly toward the anode. Penetration at a low-
er potential, n = 100 mV, in the same solution as above, leads to the
heavy sponge typ:- of penetration (Figure 55). Galvanostatic penetration
at the high current density of 15 mA/cm2
 leads again to the pure den-
dritic type of penetration (Figures 56 and 57). Inspection of cellophane
separators from microcells in which penetration occurred at medium cur-
rent (J = 1 mA; i = 5- 10mA/cm2 ) and in 30% KOH saturated with zincate
(Figures 58 and 59) showed places penetrated by heavy sponge.
To verify that dendrites were growing within the separator and not
upon it, the zinc was dissolved in dilute H2SO4. Cavities were visible
in the separator reflecting the structure of dendrites.
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5.	 Kinetic Study of Zn Deposition
Standard silver-zinc cells are not well suited for study of the
zinc deposition mechanism. The d.zcharge of such a cell is silver
and not zinc limited. On the other hand, a cell redesigned to be
zinc limited would not have the properties of a standard cell. To
study the process of zinc deposition so that valid conclusions
concerning the kinetics could be drawn, it was necessary to de-
sign new types of experimental cells.
5.1	 "Zinc Deposition in Micro-Cells
The conditions of deposition of zinc in the micro-cell exper-
iments correspond to the conditions in the Ag/Zn cell existing at
the end of charging or at early stage of overcharge. This is that
part of cycle during which penetration is most likely to occur.
In the micro-celi. the zinc anode was placed close to the cathode
wrapped in separator. Oxidation of .the.anode maintained the con-
centration of zincate on the anodic side of the separator con-
stant. Figure 60 show.q
 the change of current with time at con-
stant cathodic potential for two cells with.wrapped end non-
wrapped cathodes. The current in both cells decreases initially
about three-fold. This is due to concentration polarization re,
sulting from formation of the diffusion layer. After about 10
minutes, the surfaces of both cathodes become covered by den-
dritie deposit. The surface of the electrodes thus increases.
Current through the unwrapped cathode starts rising again. Cur-
rent through the wrapped cathode instead reaches a plateau and
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does not change with time.. This means that the process is limited
there by the diffusion of zincate through the membrane. Consequent-
ly, the wrapped cathode is polarized more, and two different types
of deposit are obtained.
Curve. 2 for the unwrapped electrode is associated with dendrite
formation. The significant point is that the overvoltage was the
same for both types of deposit.
5.2	 Galvanostatic Cathodic Transients of Corroding Zinc
Before discussing the electroplating of zinc without separators,
the behavior of zinc on stand in KOH will be considered. To study
this, the galvanostatic transient method was used. The components
of the apparatus as shown in figure 61 are: 1) cathode (electro-
plated zinc or sheet), 2) anode, 3) reference electrode, 4) fast
mercury relay, 5) decade resistor box, 6) D.C. power supply (300 V),
7) oscilloscope with Polaroid camera. Typical transients are shown
in Figure 62. They were taken on an electroplated zinc electrode
with a rou , , mess factor of 300 in 44% KOH. The electrode was first
reduced by cathodic current and then immediately transient 1) was
taken. After two minutes of wet stand transient 2) was taken. The
transition time (T ) of transient 2) was much greater. The transi-
tion time is due to reduction of Zn(OH) 2 to zinc by the cathodic
current. When the total amount of Zn(OH) 2 is reduced the poten-
tial rises. Transients repeated after longer times than two
minutes give the same value of T. It was concluded therefore
that a layer of Zn(OH) 2 of constant thickness was formed during
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two minutes or longer periods due to corrosion of zinc. Calcula-
tion showed that the thickness of Zn(O") 2 layer was close to one
monolayer.
5.3	 Zinc Deposition in a Tunnel Cell
Among the parameters characteristic for the whisker type of
metal deposition the most important is the rate at which the
whiskers grow. In the case of a foam or a sponge it is difficult
to arrange to study the growth of a single whisker. However, the
mean of the rate of growth of many whiskers in a given direction
can be measured; this is apparent as the movemerit of the front of
the deposit.
A special cell, which we have termed a tunnel cell, was built
for measuring the rate of growth of zinc deposits. The cell is
shown in Fig. 63. The tunnel (2) consists of a series of 8 plexi-
glass shims through which is drilled a central hole with a cross
sectional area of 0.635cm2 . The length of the tunnel is 5/8 11 .
Sixteen silver contacts (3) are located between the shims, and the
8 shims are cemented together.
The block is cemented to a similarly drilled cell case. A
zinc sheet (1) to serve as cathode is cemented to the outer face
of the block. The seventeenth contact is attached to the zinc ca-
thode for the double function of measuring the current and dis-
closing the extent of zinc growth.
In order to measure the extent of zinc growth, the contacts
are wired to the multi-point switch (4) and the meter (5) to show
38
AW
REPORT No. 617-65
FINAL REPORT
NASA
the difference in potential between each successive contact and
the cathode. As the zinc deposit (8) reaches each contact, it
shorts it out reducing the potential difference to zero. From
the recorder chart, it is thus possible to follow the ,rate of
zinc growth.
Zinc sheet is used as the counter electrode (7).  Cons'rant
potential against the zinc reference electrode (6) is maintained
by a potentiostat (9). Current is measured periodically by means
of a very low value dropping resistor which introdtj.ces a neglig^o
ible error in the potential.
The thickness of the deposit ns a function of time for various
potentials is shown in Fig. 64. Deposition of zinc was conducted
from 44% KOH containing zincate (40% of saturation). At -42mV
zinc overpotential (curve 1) the thickness of the deposit does
not increase linearjrwith time but rather accelerates, also the
deposition current increases with time (curve la). At slightly
higher overpotential, -6lmV, the length of the zinc whiskers in-
creases much more rapidly (curve 2) and the dependence is more
linear with time. Here also, the current rises (curve 2a). In
both cases foamy soft deposits were obtained. At still higher
overvoltage, -144mV, the zinc deposit grows linearly with time
but much more slowly than at -61mV (curve 3). The current during
the experiment (curve 3a) is almost constant. It should be men-
tioned here that after every plating the deposits were examined
microscopically.
f
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Special emphasis was put on the parts of the deposits correspond-
ing to the beginning and the end of the plating. Returning to
curves 3 and 3a of Fig. 64 - the corresponding deposits were mixed
dendrites and foam. At the beginning of plating more foam was
present while at the end, more dendrites. It is clear therefore
that at zinc overpotentials somewhere between -61mV and -144mV
and for the given solution, a critical potential exists at which
the deposit changes from a foam fc ,rmed of very fine whiskers to
dendritic.
We can draw another important conclusion: the passage from
whiskers to dendrites is not continuous. There is no intermediate
form. No whiskers of intermediate size were found. Comparing
currents corresponding to the above deposits, it appears that
during the first hours of plating (below 10 hours), the higher
the overvoltage the higher the plating current; however, with
time the difference decreases and between 10 and 30 hours the
relation is completely reversed. This we can explain only if we
assume that the real plating area is much higher at low overpo-
tentials and lower at higher overpotentials after a sufficient-
ly long time of plating.
Consider now plating at two different concentrations of zinc-
ate at high overpotential (-144mV). The data are shown in Fig.
65. Curve (1) for 4o% saturated zincate in 44% KOH represents
the dependence of thickness of the zinc deposit on time while (2a)
(see. Fig. 65) represents the corresponding current density. The
V
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concentration of zincate is approximately constant during the plat-
ing operation because a zinc anode was used. Deposition and dis-
solution of zinc are therefore balenced and the initial bulk con-
centration of zincate remains essentially uncharged. Only a slight
disturbance of the balance could be caused by zinc corrosion or tiy-
drogen evolution on the cathode. Let us now compare curves (1)
and (la) with (2) and (2a). The latter were obtained at one-half
the zincate concentration of the former. The thickness of the de-
posited zinc layer increased linearly with time in both cases. The
rate of growth was higher at higher concentration, but there is
no direct proportionality between the rate of growth and concen-
tration. The same is true of the currents. The current in the
more concentrated solution of zincate is roughly as much higher
as is the rate of growth. The deposit in KOH at 406 of zincate
saturation solution was a mixture of foam and dendrites. In a
solution at 20% of saturation only foam was found both at the
beginning and at the end of plating. This was contrary to ex-
pectation. It was expected that dendrites would form more readi-
ly in the more dilute zincates. It is possible that some optimal
condition exists for transition from foam to the dendrites.
It should'.be noted here that tunnel cell results are not quanti-
tatively applicable to cell performance. The principal reason is
the absence of the separator, as well as the presence of convec-
tion currents in free c.,,ectrolyte. Nevertheless, the tunnel cell
makes it possible to observe and study the effects of current denii-
.0
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ty, overvoltage and electrolyte composition on the morphology of
the zinc deposit.
It was previously skated that some surfactants, as for example
Igepal, int —aence the morphology of the zinc deposits. In Fig. 66
it is shown how Igepal influences the rate of growth of zinc and
the plating current at constant potential. The thickness of the
deposit without Igepal (curve 1) increased more rapidly than in
the presence of saturated Igepal (curve 2). The solubility of
Igepal in 44% KOH is less than 0.02%. The plating current was
higher with Igepal (curve 2a) than without (curve la). The ef-
fect was definite depite the fact that only two points were avail-
able for comparison.
Even more interesting than the comparison of changes in thick-
ness (x) of the deposits is comparison of velocities of growth	 r
(dx/dt) as a function of time (Fig. 67), or of distance from the
zinc electrode (Fig. 68). Let us first compare velocities of
growth after the same time, for example, after 8 hours (Fig. 68).
Consider rates at various potentials, but in the same solution
(44% KOH, 40fo saturated Zn0). At -42mv (curve 4) plating pro-
ceeded at approximately constant rate of whisker growth for about
2 hours at 6.7 x 10-6 cm/sec, then started to accelerate reach-
ing 3 x 10-5 cm/sec, after ]';' hour,.. This rate was the highest
obtained in our experimentaN The deposit was foamy. At -61mv
steady plating proceeded at 2.7 x 10-5 cm/sec. (curve 3). At
-144mv (curve la) the rate of growth decreased to 6.7 x 10-6
cm/sec. Therefore after a sufficiently long time we have an in-
42
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crease of rate of growth watt, increase of overpotential.
Rates of growth of the zinc whiskers with and without a siir-
factant for 80% saturated zincate at -50mV are given in curves 2a
and 2. The rate in the presence of Igepal is lower. Both are con-
stant. At -144mV at two different concentrations of zincates the
rates are constant, the rate corresponding to higher concentration
jeing higher but not in direct proportion to the concentration.
A similar picture is obtained when rates are compared at various
distances from the basic electrode (Fig. 68).
It was known, that zinc deposits from zincate solutions have
low density, but it was interesting how this density changes
with changes in the plating conditions. The tunnel cell also
supplied information as to the change in density of the deposit
with time. In this cell plating takes place in onlu one direction,
(x), and the volume is proportional to x. The rate of zinc growth,
dx/dt, was measured. The current density at any moment is known.
This permits us to calculate the quantity of zinc plated during
the time, t. This is based on the assumption that hydrogen
evolution is negligible at low zinc overpotentials containing
zincates.
Assume that with a small mass of plated zinc, dm, is
associated a small increase in the volume of zinc, dV. Hence,
we can write an expression for the instantaneous density p :
t
	
Pt = ( dm	 = i.S.E.dt
	
dV	 F. S. dx
M
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Where: S = ^--rea of a crossection of the tunnel cell, F = Faraday's
number and E = equivalent weight of zinc.
The dependence of density on time at various zinc overpotentials
is shown in Fig. 69. In a solution of 44% KOH containing zincate
at 40% of saturation, the density of the deposit varies consider-
ably with time but the variation with zinc overpotential is even
more pronounced. Curve 1 of Figure 69 represents the variation
of density with time of a zinc deposit -obtained at -42-mv zinc
overpotential. The porosity of this foam is y9.%. At the slight-
ly higher overpotential of -61mV foam was also obtained. The thick-
ness of the whiskers in the foam is almost constant at abou'
0.8 10 0.3 u for -42 and -61mV overpotentials. At -144mV a sudden
jump in the density to 0.18g/cm3 (curve 3) occurs. Microphoto-
graphy shows that the deposit is dendritic although some foam is
admixed. The diameteris of the dendrites were 25 -50 V	 Figure 70
shows how strongly the density varies with overpotential.
Densities of the deposits obtained at high overpotential ( -144mV)
in KOH solutions at '?0°fo of zincate saturation are shown in Fig. 71
(curve 2) and are compared with the density of the deposit obtained
from a solution containing 40% saturate. zincate, There is no
great difference between t1 curves,
Plating from a solution saturated with the surfactant - Igepal -
led to a deposit which was much denser (Fig. 72, curve 2) than
without ..ie surfactant (curve 1). It was previously mentioned that
Igepal has a strong effect on the morphology of the deposition. It
A.
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is obvious therefore that Igepal has a definite influence on the
kinetics of elect_=-odeposition of zinc. In order to investigate
the effect of surfactants on kinetics, the adsorption of a number
of surfactants was studied using A.C. polarography.
5.4	 Adsorption of Surfactants on a Dropping Mercury Electrode
It is known that some but not all surfactants influence zinc
penetration through separators and therefore the mechanism of zinc
olectrodepoaition. To influence the mechanism, a surfactant must
be adsorbed at the surface of the deposited metal. The assumption
of adsorption is necessary because usually the concentration of
surfactants present in electrolyte is low. Surfactants adsorbed
at the interface, between the electrode and the electrolyte, de-
crease the electrical double-layer capacity. This decrease is
an approximately linear function of the surface excess of the
surfactant. According to Antropair (17), most metals adsorb or-
ganic substances up to a similar potential which is negative rel-
ativf°- to the electro-capillary zero. It seems therefore reason-
able to study the adsorption of s'..riactants on the mercury elec-
trode and to transfer the conclusions back to zinc. As a method
of determining changes in double layer capacity, the Breyer-Gutt-
man A.C. method was utilized. In this method a test Electrode
of tbu.,
 dropping mercury type is continuously polarized_{: negative-
ly v1lile a small. A.C. component of constant voltage amplitude
(30mV) was applied. A "Metrohm" polarograph with-an A.C. unit
was used for the study. The A.C. current was recorded vs. D.C.
R
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potential, after separation from D.C.  by a capacitor.
This method is less accurate than Grahame's bridge method, but
is accurate enough for the purpose. The discrepancy is mainly in
the region of large A.C. current due to 1R drop. Breyer's meth-
od measures differential pLeudo-capacity as well as real double
layer capacity, The reversible current of zinc ion reduction is
recorded in this method as a peak.
To standardize the A.C. polarogram in units of differential
double layer capacity (,IF/cm 2) it was taken into account that at
potentials higher than one volt vs. Hg/HgO the double layer ca-
pacity is entirely determined by the cation of the electrolyte
and the influence of the anion is negligible. For the stand-
ardization of our A.C. polarogram we used the value of 16.11,F/cm 2
at -1.16V vs. calomel electrode in O.lN KC1 given by D.C. Grahame
(12). An A.C. polarogram obtained in O.lN KOH calibrated according-
to the above value is shown in Fig. 73 curve. Curve 2 represents
the dependence of the double layer capacitance on the potential as
given by Grahame.
Although for battery purposes the adsorption of surfactants
at high electrolyte concentrations is more significant .,. it was in-
vestigated in O.lN KOH first. This was done because the influ-
ence of surfactants on double layer capac-ity is better known in
dilute solutions. Later or eve" :rvesatigated also surfactants in
concentrated solutions ( t`,^n tKol?'z-
It is known that surfactants adsorb at the metal - electrolytie
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interface only in certain ranges of potentials around the potential
of zero charge. At potentials higher than certain specific desorp-
tion potentials which are different for various organic compounds
the surfactants cannot exist at the surface in the adsorbed state.
Desorption is marked by a sudden change in surface charge,reflected
by a peak on the double layer capacity vs. potential curve. The
potential at which this peak occurs is called the desorption po-
tential.
Consider now Fig. 74. It presents the influence of two
surfactants - Igepal CO-730 (polyphenoxypoly (ethyleneoxy) ethanol)
(curve 3) and Triton X-100 (curve 4) on the double layer capacity
on mercury. Curve 1 is the supporting electrolyte, O.1N KOH, with-
out the surfactants. Curve 2 is obtained in the same electrolyte
but in-'the presence of 10- N1 ZnO. Both surfactants are strongly
adsorbed at potentials up to -1600mV as is shown by the much lower
value for the double layer capacity. At -1600mV, a sudden desorp-
tion peak occurs. The desorption potentials are here much more
negative than the reversible potential of zinc in this solution.
The pseudo-capacity peak of zinc is shown in curve 2 and the very
beginning of it indicated approximately the reversible potential
of zinc. We can transfer now the conclusion from the mercury
electrode to the zinc electrode and state that in dilute KOH solu-
tions we can expect the adsorption of both surfactants tested on
zinc at its reversible potential and up to -0.5V overpotentials.
The same conclusion can be drawn with respect to the surfactants
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shown in Fig. 75. `1.'he compounds tested were 3M brand fluorocarbon
surfactants. Curve 2 shows the A.C. polarogram of FC-19 anionic
fluorocarbon surfactant which is characterized by excellent chem-
ical stability.
Curve 3 is an A.C. polarogram of a solution containing FX-161,
an anionic fluorocarbon. Curve 4 was obtained using a cationic
fluorocarbon, FC-134. The adsorbability of the above surfactants
is low and therefore no further work done with there. Cationic
fluorocarbon gives an interesting maximum at a potential close to
zero charge potential. It is probably related to rearrangement of
the ionic surfactant at the surface when the negative charge in-
creases.
The strongly surface active substances Triton X-100 and Igepal
were tested also in 31% KOH. Because of low solubility in KOH, sat-
urated solutions were used. The results are shown in Fig. 76. Curve
1 was obtained in 31% KOH, Curve 2 was obtained in 31% KOH saturated
with Triton X-100, Curve 3 wis obtained in 31% KOH saturated with
Igepal. Curve 4 was cbtatned in KOH containing 10-3M zincate. It is
apparent that sharp desorption of Triton starts at a potential more
positive than the reversible potential of zinc. Consequently it fol-
iows Triton cannot influence the way in which zinc plates out of 31%
KOH. Contrary to this, curve 3 shows that Igepal has no sharp de-
sorption potential and its desorption extends up to -300m.V which is
more negative than the reversible potential of zinc. In this case we
can expect that up to an overpotential of -300mV on zinc, Igepal will
I
a,
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be adsorbed at the electrode and can influence the electrochemical de-
position of zinc. This agrees with observations that Igepal influencses
the type of the deposit strongly while Triton does not. Also the time
of penetratlor, through membranes is influenced by Igepal and not by
Triton.
In general, this experiment suggests the explanation why some
surfactants have a marked influence on zinc plating and others do
not. Iyr;,)reover, it indicates that the procedure outlined constitutes
a valuable screening test.
5.5	 Electroplating of .Zinc on the RotetJmg Disc Electrode
Whether zinc is plated from the free zincate solution on a
stationary electrode or on a rotated electrode, after a certain time
the diffusion layer reaches a constant thickness. On a stationary
electrode natural convection is responsible. Control of natural
R	 convection during plating is a rather cumbersome task. Thermal
effects accompany plating itself. The electrolyte changes density.
Even the shape and size of the cell can have some influence on the
process. This gives rise to poor reproducibility of the results.
Replacing the natural convection by a forced flow as is the case
with the rotated electrode improves the control of the plating pro-
cess without essentially changing the mechanism. Parameters related
to the energy of activation will be the same in both cases. The on-
ly real difference is in the thickness of the diffusion layer, and
rotation permits us to vary that in accordance with the requirements
of our experiments. It was for this reason that rotating disc elec-
trode studies were included in the program.
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The set-up used in experiments on plating on the rotating disc elec-
trode is described below.
The schematic diagram of the potentiostatic system used in
this experiment is given in Figure 77, where: 1) rotated disc elec-
trode, 2) anode in separate compartment, 3) reference electrode
(zinc in zincate) 4)milliammeter-recorder, 5) potentiostat, 6)
motor driving the rotating disc (1440 rpm). The solution was 440
KOH saturated with zincate and 02 was removed by passing No through
the solut-i on. To make the weight of deposit comparable for low and
high currents, the time was regulated so as to pass an equal number
of coulombs at each voltage setting. The potential was raised by
5 mV increments and the plating time was such as to pass 0.05 cb/cm2
at each potential.
The results are shown in Figure 7$ as a Tafel curve, for in-
crease and then decrease of potential on the same electrode. The
small value of hysteresis suggests that the plating is smooth in the
investigated range. The small rise of current around 55m7V may in-
dicate a small rise in roughness factor which is negligible in com-
parison with that on stationary electrodes. Also, visual inspection
shows that the deposit is smooth. The calculated diffusion-limited
current for size and speed of the electrode used in 1.6 M zincate is
of the order of one ampere. We operated therefore two orders of mag-
nitude below the currents at which concentration polarization could
occur. It can be concluded that if there is no concentration polariza-
tion - there is no sponge -r foam. Or, reversing this conclusion, con-
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centration polarization (and consequently concentration overpotential)
must be involved in the formation of each of the above mentioned types
of rough plating. The greatest total overvoltage is associated with
dendrite formation.
Consider plating from saturated zincate. To determine the
value cf the diffusion-lim::ted current a voltamperometric curve was
measured (Fig. 79, curve 1). A plateau of diffusion limited current
is well formed, and corresponds to about 700 mA/in 2 (109 BIA/cm2).
The half-wave potential was 120 mV vs. a zinc reference electrode in
saturated zincate. Below this potential the plating is predominantly
activation controlled, while at higher potentials it is predominantly
diffusion controlled.
•
	
	 Theoretically, the half-wave should be independent of the
speed of rotation as well as the concentration of zincate. It is
important that there is very little "hysteresis" if the measurement
is repeated rapidly increasing and then decreasing the negative po-
tential. Curve 2 in Fig. 79 shows the current values after a quantity
of zinc equivalent to 94 coulombs was plated. There is practically
no difference in the half-wave potential before and after plating.
The limiting current is only slightly higher after plating. Plotting
a Tafel line from Fig. 79 the exchange current ( io ) of zinc was found
to be 0.008A/cm2, for a ro, ,.ghness factor of 2.
Changes of current with time during potentiostatic plating are
shown am Fig. 80. The end point of each curve corresponds to 138
coulombs of plating. After the initial rise the current value becomes
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almost constant for all overpotentials between 20 and 220 mV.
Similar experiments were performed for lower concentrations of
zincate. The half-wave potential was constant for zincate concentra-
tions between 1M and 5 x 10-3M (see Fig. 81). Potentiostatic plating
from dilute solutions (Fig. 82) shows an increase of plating current
with time.
In order to check if the formulas derived for the calculation
of the thickness of the diffusion layer ( d ) for rotating disc elec-
trodes can be applied to the case where a rough deposit has formed on
the surface of the ,electrode, the Levich equation for thickness of
the diffusion layer with laminar flow was used (13) :
8	 = 1.61D1/3 Y 1/6 W_ 1/2 	 ( 5 .lb ) a
Where D = the diffusion coefficient of zincate in KOH = 3 x 10-6cm2sec-1
in 35% KOH (cf. Sec 2)
Y = kinematic viscosity =•
W = angular rotation speed
2
Reynold's numbers (Re = r )
Y
smaller than those for which tur'
viscosity - 2.281 x lo-2 Stokesdensity
(radians sec)
were calculated. They were much
oulent flow starts, which are between
2500 and 3500. In the above equation, r is the disc radius.
The diffusion limited current is given approximately by the
equation:
id =	
rv``.?C	 (5.1c)S	 ..
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Where id
 = the diffusion limited current
n = the number of electrons = 2
F = the Faraday = 96,500 coulombs
C = the concentration of zincate in mules/em3
Calculated and experimental values for the limiting current at the
beginning and the end of plating of 94 coulombs as a function of the
square root of the rotation speed are shown in Fig. 83, The agree-
ment between the calculated i d
 for laminar flow and the experimental
values obtained at the beginning of the plating is good wti -pan be seen
in Fig. 83 and 84. After plating, the deviation from linear dependence
is larger. Microscopic inspection of the discs after plating at the
half wave potential (95 mV) and at the value obtained for the diffusion
limited current (220 mV) showed a dendritic deposit. The increase was
therefore probably due to some contribution of turbulence around the
electrode. Flow nevertheless cannot be considered as completely tur-
bulent because the experimental values of i d
 afLoer plating are much
closer to the theoretical i d
 calculated for laminar flow than to the
id
 calculated for turbulent flow.
d for turbulent flow was calculated from the Vielstich equa-
tion (14), (15):
8	 = r(_r w )-0 . 9 (	 )-1/3	 (5.1d)
Y
A comparison of experimental data with those calculated for laminar
and turbulent flow is given in Table 5.1.
r
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5.6	 Model of Zinc Plating
Any model of zinc p.,ating should explain at least qualitatively
why three types of zinc 6eposits are possible: smooth, mossy and
dendritic, and their dependence on the overpotential ( n ), C and w .
More specifically, the following facts should be explained:
1. Why smooth deposits are formed only at high rotation
speeds (when Re is close to or exceeds 2500), at low
overpotentials ( < -50 mV) in concentrated zincate solu-
tions (0.1 - 1.3 M).
2. Why mossy deposits form only at low n (0 - 100 mV),
low Re ( < 1000) in concentrated solutions (0.1 - 1.3M)
and have the following properties:
The diameter is almost constant (0.6 - 1.01A). The density
of the mossy deposit increases with n and with w , and is
independent of the thickness of the plated layer but in-
creases greatly due to adsorption of certain surfactant,,.
Whiskers .form on plating in a ZnO slurry.
3. Why dendritic deposits form at high n ( x.100 mV)and pre-
ferably at low C. Dendrites are charactLrized by variable
diameter, branching, and changes of density with thickness
of plated layer. Dendrites are not formed when plating in
a ZnO slurry.
In order to explain the above facts  qualitatively, we suggest a
physical model which can serve at least as a preliminary working hy-
pothesis. Consider first the beginning of the plating. Two possibil-
ities exist. Either the type of the deposit depends on the nature of
the current collector on which we plate, or it does not. Experimental
plating on sheets of zinc, cadmium, silver, stainless steel, steel,
and copper show that after a short initial period there are no differ-
ences between the type of deposits. It is possible to obtain smooth,
mossy, and dendritic deposits on any of the above metals. Therefore,
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the nature of the plating base does not effect the nature of the de-
posit.
We assume therefore the following: the surface of any of the
above metals apparently hrus a much .Larger number of active centers
on which nucleation of zinc can take place than the number of whis-
kers or dendrite; ^ih.i. ­h eventually will form on it. The nature of
these centers seems to be irrelevant.
Smooth plating occur-s at high Reynold's numbers for which dif-
fusion limiting currents are very high, and at low overpotentials.
In other words, smooth plating takes place under the conditions of
exclusive activation control. Plating apparently takes place both
at points of high and low surface energy.
When the Reynold's number is low the situation seems to be dif-
ferent; and the deposit becomes simultaneously activation and dif-
fusion controlled. Let us assume then that the plating starts at
various centers with an uneven rate. The real initial current den-
.	 ,
.	 n
sity-in active spots must be high, and must be low elsewhere. When
there is not enough flow, local diffusion layers of thickness 6 are
formed around the active spots so that d b/dt> 0. There are two pos-
sibilities. The first possibility is that an active spot fulfills
the condition:
dl/dt = d 6/dt
	
(5.1)
where 1 is the greatest thickness of the local deposit at a given
time. This spot grows and follows -the expanding diffusion layer, and
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whiskers of length 1 form.
The second possibility is that.  dl/dt t d 6 /dt,, and the whisker,
although begun, lags behind the front of those whiskers which have
the necessary rate of growth. In such a case the whisker referred to
becomes concentration polarized and stops growing. The growing whis-
kers which fulfill condition (5.1) form the mossy deposit. This
mechanism of moss initiation is supported by the fact that the den-
sity of the deposit is independent of
 the material of the current
collector on which deposition was initiated. If the electrode is
rotated rapidly and overpotential is low, no local diffusion-limited
spots can be formed and consequently a smooth deposit is obtained.
The situation accompanying the further steady growth of a mossy
deposit is diagramatically shown yn Fig. 85. Consider whiskers A
and B. We can distinguish three regions on each whisker:
1. The tip, which has easy access to free electrolyte so
that at low overpotentials plating on it is entirely
charge-transfer controlled;
2. The intermediate region, in which there is a contribu-
tion of concentration (diffusion) overpotential, n d •
The total overpotential is then controlled by both activa-
tion and diffusion so that n = n a + n d (cf .Fig . 856
where n a is charge transfer overpotential. n a de-
creases and n d increases as x decreases between X +
and X, where X is the distance of the diffuz y:.n layer from
the current collector. This takes place because the eoncen-
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tration of zincate inside of the foam continually decreases
in this region. See Fig. 85.
3. The third region in which whiskers are completely polarized
due to complete consumption of available zincate, before it
reaches this region. We have here n = nd .
This model therefore shows how the deposit can be simultaneously
activation and diffusion controlled at low overpotentials and high
zincate concentrations. A whisker which continues to grow must ful-
fill the condition d( 6 + X)/dt = dk/dt, where k is the length of a
whisker. If the rate of plating on the tip of a whisker exceeds the
rate of diffusion to the tip, then the rate of the tip growth becomes
diffusion controlled and does not increase with increasing overpoten-
tial. Consequently we have d(6 + X)/dt = d(6 + R)/dt
	 dR/dt and the
type of the deposit changes to dendritic.
Plating takes place in both regions (1) and (2) up to the depth
6' + 6 in the deposit, where 6' is the thickness of the activation
controlled region on the growing zinc deposit and 6 the thickness of
the mixed activation and diffusion controlled region. Consequently,
the rate of plating (I = current) is as follows.
I = uF(dm/dt) = nF(dm6 , 1 /dt + dm6/dt) = 161 + 16
 = I  
+ Id
where m is Pmountplated (in moles)
j
dm /dt is the rate of plating on the tip under exclusive
charge transfer control
dm6/dt is the rate of side plating in the region 6.
Let two whiskers B and C start growing toward each other (Fig. 86a).
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Then we will have:
( n- nd) I
	( n- nd)II	 (5.2)
n  I <na II
	 (5.3)
Where n aI is the activation overpotential on the side of whisker C
adjacent to whisker B and
T)
	
	
is the activation overpotential on the side of whisker C
remote from whisker B.
Due to mutual screening of the diffusion flux,
II < III	 (5.4)
Consequently the wiiiskers B and C will change their direction away
from each other. Whiskers therefore grow so to avoid each other. As
a result of frequent changes in the direction of growth of every whis-
ker, a complicated network is found as indicated by our ir"'Crophoto-
graphs. This explains how the number of whiskers per unit geometrical
area of cross section stays constant during the plating.
In order to abet some idea of how 6 and d (2d being the dis-
tance between the center of the tips of adjacent whiskers) are related
to n , a simplified calculation of their interdependence was made.
The simplification consists mainly of linearization of all ex-
ponential functions involved, as represented in Fig. 85.
The assumptions are as follows:
1. The total current (I) on a single whisker is
I _ Ia + Id
	
(5.5)
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where I. is the difftision-independent plating current and
Id, is the diffusion-dependent current.
2. For	 6 « 6 . 1 a Id	(5.6)
3. The diffusion flux vector of zincate, called (J), has a non-
zero value only ;a the diffusion region (2) of width 6 .
4. Plating is stationary (d6 /dt = 0) along the whisker growing
in the x direction.
5. All J vectors are parallel to d and are directed toward
the x axis. See Figure 85a.
Consequently:
lim r = d	 (5.7)
as	 X+g- x+
Also,	 d2 +6 2 = X d	 (5.8)
and	 a r	 r	 (5.9)
d - d
8+X-x= Aor	 (5.10)d
r - cannot exceed d without interfering with the flux of
the neighboring whiskers.
v	 6. The concentrations overpotential gradient in the layer ac-
cording to F zg . 85d. is:
d%
_IL	 (5.11)
d(6+X - x) 
_ d
11,
t
.
6o
C = Cou (1 - a-== X)s	 S (5.15)
t
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hence:	 dry d = d d(S + X - x) (5.12)
end:
	
r6 _ JL ( S +
S
X - x) since --a- is constant
S
(5-13)
in our simplified model.
7• The surface concentration C s at any point along the whisker
is (16):
Cs = Cou (1 - n d/ n )
	 (5.14)
and from assumption (6)
8. In the linear approximation:
I= S io
 nF/RT ( n- n d) (5.16)
4.
where S is the plating surface area and io the exchange current
density.
9. If a whisker is considered as an elongated cylinder
Sw = 2 -np S	 (5-17)
where Sw is the surface area of the whisker between x = X and
x = S+ X , and p is the radius of the whisker, which stays con-
stant.
10. Considering that d>>6 we can neglect Sw while calculating the
diffusion flux to it, but we take Sw into account in calculating
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the plating current.
We calculate first a diffusion flux J. This is the flux from
the source of zincate of area S = n d2, placed at the tip of c-
one dimensional whisker, to the end portion S of this whisker.
The flux through the surface element dS along A r is equal
to:
dJ = D(dC/dy)dS'	 (5.1$)
where y is a point on a r and dS' is a surface element normal to
araty.
Note that dS' decreases when y/ A r ♦ 0
Then dS' = dS"y/ .t r
	
(5-19)
 
f
Where dS" is a surface element on A r at y = r
Now the grad C increases when y/ a r -+ n
Also, (dC/dy)y
	(dC/dy)
ar 
-y	 (5.20)
The flux therefore is:
dJ = D (dC/dy) X r dS'	 (5.21)
We can therefore treat the problem as if grad C were a constant and
write:
dJ = D {(C°u - Cs )Ja r } dS'	 (5.22)
dS' = r d o dr' = rd 0 S dr	 (5.23)
41
where f is the radial angle along the whisker in the y,z plane,
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where dr' is the height of dS' which is normal to " r
 , and dr is
the height of dS" which lies in the plane normal to 
.x.
Since	 ar =	 r	 ad	 (5.24)
i
and	 Cs =	 Cou {I - (6 + X - x) /6 )
then
	 dJ = D { Cou d (6 - X - x)/ A d 2 )do
but	 6 +X-x=d'r/d
so	 dJ = D Cou (6 •r/ad. 2 ) do dr
IntegraUng equation ( 5.27) from 0 to 2w and 0 to d and
substituting the value of Ad yields:
J = D Cou {6 d2 /(62 + d2).0
(5.25)
(5.26)
(5.27)
(5.28)
The4efore, the current
I =
We shall calculate now
Substituting (5-17)  any
resulting current only
27rp	 4(6  + X - x) , we
resulting from the flux is:
nF DCou v {6d2/(62 + d2))
the plating current as a function of n
1 (5.13) into ( 5.14), and considering the
over the element of surface area
obtain:
(5.29)
dI = 2Wpd( 6
 + X - x)io(nF/RT) (n / 6)d(6 + X - x)
	
(5.30)
Substituting d(b + X - x) 
_ (6 d) dr, and integrating
	
27r	 d	 d
I = 27rpia^(nF/RT l8 n/d2
	 2 r do	 ( 5.31)
	
C,	 o	 0
i
or
d	 ^2 ^,7ffrrnff -"Pmk^n (5.35)
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I = 2n 2p6 io (nF/RT). n
Sub s t itut i.ng :
ionFCouk
where k is a rate constant (cm/sec), and comparing with
(5.29) gives:
d2/(6 2 + d2 ) - 2 Tr, 11D . ( nF/RT) p kn
(5.32)
(5.33)
(5.34)
It
This equation is valid only when:
RTD/2 Tr nF p kn > 1	 (5.36)
We shall calculate 6/d in 35% KOH saturated with Zincate as a func-
tion of n using (5.35). The range of n was chosen as 0 to 150 mV.
This is the rate in which the approximations taken are valid.
The parameters are as follows:
n = 2
RT/F = 26 x 10-3 volts
D 5 x 10'6 cm2/sec
k = 4.16 x 10-5 cm/sec
p =4x10-5 cm
	 4
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A plot of 6/d vs n , based on equation (5.35) is shown in
Fig. 86. We know that the distance between the dendrites decreases
as n increases. Therefore, Fig. 86 shows that 6 decreases rapidly
with n at low overpotentials , (below -100 mV). Above -lW mil
char:4,,es arr. slow. The thickness of the inner diffusion layer 6 is	 1
determined by d, D, k, and n. When a sufficiently high overpoten-
tial. is applied to the whisker the outer diffusion layer will start
forming while the inner will vanish. The difference between the
two is that the inner diffusion layer follows the growing tip of
the whisker, while the outer diffusion layer precedes it. The
change from the mossy deposit to dendritic is probably related to
this change.
Such a situation in which the outer diffusion layer is formed
is shown in Fig. 85b. No steady state will exist in this case.
This means that betwet;n two instants of time, t i and t2,, will in-
crease from 6tl to 6t2	 (Fig. 85c).
The condition of mossy plating, d(6 + X)/dt = dl/dt is not
fulfilled and instead we have the inequality, d(6 +X )/dt > dl/dt .
This means that the front of the diffusion layer moves more rapid-
ly than the increase in length, of the dendrite. Thus the two types
of deposits, mossy and dendritic, are caused by the large number of
whiskers which inhibit the free access of zincate to those parts
of the whiskers immediately beneath the front of the deposit.
Now it is possible to apply the Barton-Bockris theory (6) as
a second approximation forfor the growth:' an individual whisker.
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The constancy of the d1ametzr of the whiskers is due to the depend-
ence of both the activation energy and the diffusion layer thickness
on the radius of curvature of 'the whisker tips. Since Barton and
Bockris postulate a constant radius for the tip of the metal growth,
their theory is not applicable to the deposition of zinc at high
overpotentials, under which condition the deposit is dendritic.
6. Zinc Penetration in a Standard Ag/Zn Cycled Cell
Separators were taken out of a 12 AH Ag/Zn cell which had been
charged at 40 mA/in2 and discharged at 60 mA/in2 for 130 medium cy-
cles. The KOH concentration was 42%. The wet life was 6 months.
The separator was C-19 (silver-treated regenerated cellulose). A
number of pictures were taken at 40 x , 100 x and 1000 x at penetrated
regions. The penetrated region at 40 x (Figure 87) suggests den-
dritic penetration. At 1000 x (Fig. 88) 2 it is visible that the
penetrated place consists of a number of fine penetrated spots.
The characteristic disappearance of color in the penetrated re-
gions was observed,. It was found that this was associated with ox-
idation of metallic Ag which is responsible for the yellow color of
C-19.
In another experiment, separators were removed from cells which
had been cycled until failure by zinc penetration occurred. The C-19
separators were embedded in plastic, polished up to a penetrated spot,
and microphotographs were taken. Four lay-,rs of C -19 can be seen in
Fig. 89 (200 x). The picture shows a section through a penetrated
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layers of C-19 are lighter.
Zinc penetrated the first layer and expanded in the vertical
plane. It is evident that the penetrating deposit is spongy. No
dendritec type of deposit appears. Spongy nodules as large as the
one shown here were seen compressing the next layers of separators
by about 50% without causing a break in the C-19. Fig. 90 shows how
the sponge expands after penetrating the first layer. It fills the
free space between the separators and pushes them apart. Fig. 91
:shows a spot in which sponge penetrated all of the layers except for
the last. Disintegration of the separators is much more advanced
than in Fig. 89 and sponge pervades the entire region.
Expansion of sponge after penetration of a second layer of sep-
arator is :shown in Fig. 92. Arrows point to the first and last layers
of C-19. No sharp crystalline dendrites piercing the cellophane film
were found.
Zinc penetration through separators seems to be correlated to
zinc shape change. Shape change can b,--haracterized by three ele-
ments: 1. rate of decrease in geometric area of plated zinc with
number of cycles ( -dAg/dn); 2. rate of decrease in real surface
area per unit of geometrical area of still active zinc with number
of cycles ( -dAo/dn) where Ar/Ag = Ao , the roughness factor;
3 rate of change in density of the zinc deposit.
In view of our previous experiments with a tunnel cell we know
that the density of the zinc deposit is a function of the zinc over-
potential. We know also that change in density leads to a change from
67
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the mossy to the dendritic type of deposit. During galvanostatic
charging the zinc overpotential is a function of the real surface
area of active zinc (e) . e changes with the number of cycles as:
(. d . ) . A	 )	 (6.1)
n	 o'n	 cTn—n
There is a positive feedback between the second term of the right
side of 6.1 and the density. Decrease of Ag with n leads to in-
crease of current density, which causes an increase in the overpoten-
tial. Increase in overpotential causes increase in zinc density, and
decrease in Ao . Consequently, the process of increasing density of
the zinc is self-accelerating. In an experiment described below the
rise in charging overpotential was used as an indicator of the above
effect.
Two zinc oxide electrodes (5.96 in2 containing 8 gm of a mixture
of zinc oxide with 3.3% Teflon and 2% HgO on 4/0 Exmet grid) were
used in the experiment. One of the electrodes had been cycled for 68
cycles in a silver-zinc cell. The charging current was 42 mA/in2,
and discharge current was 60 mA/in2 . The other electrode served as
a control. Both electrodes were charged in dummy cells connected in
series, to 50% of the theoretical capacity. Polarization curves were
run and the results are shown in Fig. 93. Decrease in Ag on the cy-
cled plate was about 50%. Zinc shape change on the cycled plate is
indicated in the lower right corner of the figure. The decrease in
current was much more than twofold, which suggests that AP was de-
creased.
U
I
•,
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7. Summary and Conclusions
Zinc penetration through he separators is a process which is
dependant upon the properties and composition of the electrolyte,
properties of the membrane, and on the mechanism of zinc deposition.
For the purpose of this study the most important property of
the electrolyte seems to be the diffusion coefficient. The difi'U-
sion coefficient and the concentration of zincate determine the dif-
fusion limiting current of zinc plating. Moreover, it appears that
zinc penetration occurs when zincate diffusion becomes limiting.
The diffusion coefficient of zincate was found by means of the use
of polarography. From the polarographic limiting current and the
Ilkovic equation the diffusion coefficient of zincatecwas calculated.
To use this equation, it was necessary first to determine whether the
current is limited by diffusion. Another possibility would be that
the current was kinetically limited, for example, by slow dissocia-
tion of zincate ions. By demonstrating that the limiting current is
proportional to 'the pressure of mercury it was shown that the current
is indeed diffusion limited.
The diffusion coefficient of zincate in KOH concentrations up to
30% was found to be 8.5 x 10-6
 cm2/sec. At higher concentrations than
30%, the diffusion coefficient falls rapidly and in 42% KOH its value
is 1.5 x 10-6 cm2Isec. The diffusion coefficient in this case does
not follow the Einstein-Stokes law which states that D is inversely
•	 proportional to the viscosity.
Absorption isotherms of zincate were measured for cellophane,
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PVA and grafters polyethylene and were Found to be non -linear. Two
steps were found on the isotherms for cellophane and FVA. This in-
dicates a specific interaction between zincate and the membranes.
The first step was interpreted as being due to adsorption of zincate
on the membrane, while the second was considered to be caused by the
increasing: quantity of free zincate between the fibers. This in-
crease has a limit set by solubility of zincate in the absorbed KOH.
On gra fted polyethylene, however, only one step occurs, due probably
to adsorption only.
If there were no specific interactions and the activity coef-
ficient was constant, then the concentration in the membrane would
increase linearly up to saturation with the outside concentration of
zincate. Comparison of results for cellophane and FVA shows that ad-
sorption of zincate on cellulose is stronger than on PV!z. In cel-
lulose the maximal adsorbed quantity of zincate corrgsponds to one	 `
molecule of zincate to ten molecules of glucose. It is suggested
that adsorption of zincate occurs only at the ends of the chains of
cellulose.
When surfactants are added to the solution the adsorption iso-
therm cb-tinges. The amount of adsorbed zincate is decreased for small
concentration of zincate while there is no difference for high con-
centration of zincate. This can be explained by cumpetitive adsorp-
tion of both substances. At low concentrations of zincate, the
surfactaxlt displaces zincate from adsorption sites, but at high con-
centrations of zincate, the surfactant gets displaced conversely.
74
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A formula was derived from the adsorption isotherm based on the
following assumptions:
1. Part of the zincate present in the membrane is in the
adsorbed state on the fibers, while the remainder is
free in the solution between the fibers.
2. The quantity of adsorbed zincate is a function of free
a
zincate in the membrane according to the Langmuir ad-
sorption isotherm.
3. The concentration of zincate in a free solution in the
membrane is a function of the concentration outside of
the membrane according to Nernst partition law.
4. The logarithm of the activity coefficient of zincate
rises linearly with increase in zincate concentration.
0
This theory was verified by comparison of theoretical and exper-
imental points for the absorption isotherm.
The above theory was applied to calculate the distribution of
diffusing zincate through the membrane. The major parameter which
might be important for zinc penetration process is the Nernst sep-
aration factor N. For cellophane in 44% KOH it wac found to be
0.03. The smaller this ratio is of inside to outside activity of
zincate, the higher will be the overvoltage necessary to deposit
zinc in the membrane. A low value for this ratio is therefore a
desirable membrane property.
Zinc penetration is initiated when the flux of zincate from
the exterAal solution to those regions of the zinc electrode in
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contact with the separator falls below the flux from the separator.
Microscopic investigation of zinc deposition with and without
membranes was ccriducted lu specially designed cells. Three essen-
tially different; 	 of deposits can be distinguished:
1. Smooth dei,osi;-", obtained only on rotating discs at nigh
Reynold numbers, at overpotentials below 100 - 150 mV and
high concentrations of zincate.
2. Foam, also called moss, a soft and weak deposit of low den-
sity formed of whiskers. Whiskers are very elongated, and
of almost constant diameter (0.6 - 1.0 microns) with very
few branches. Foam is formed at low overpotentials (below
100 millivolts) and at high concentrations of zincate.
3. Dendrites, which exhibit two forms:
a) Hexagonal, elongated and branched crystals. The	 +
diameters of these dendrites vary and the density
of the deposit is higher than that of foam. This
tyi-)e of deposit forms during deposition from the
free electrolyte and usually at higher overpoten-
tials than for moss formation. The overpotential
for dendrite formation lies between 100 and 150 mV.
b) Heavy sponge, a network of dendrites visibly porous,
rather dense and hard, with rounded edges. It forms
in the space between the electrode and separator when
overpotential exceeds 100 - 150 mV.
i
f
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The form of zinc deposited on a substrate is inde-
pendent of the substrate metal.
Microscopic investigation of zinc penetration revealed that only
the dendrit,ic; form of zinc. deposit penetrates into the separator, more
specifically, the heavy sponge type of deposit. Pictures taken at
various stages of penetration revealed that zinc penetrates by de-
position within the separator rather than by mechanical puncture.
Penetration starts when the mossy deposit is converted into the den-
dritic and the entire space between the electrode and separator is
filled by heavy sponge
It was found, by means of galvanostatic transients, that the sur-
face of zinc, at open circuit, is quickly covered with a layer of
zinc hydroxide. The thickness of this layer is close to that of a
monolayer.
The rate of growth and the density of zinc deposits were investi-
gated in a special cell. It was found that:
1. The density of the deposit increases with increase of o'ver-
potent,i.al while the diameter of the zinc whiskers does not
change.
2. The density stays approximately constant during plating.
3. The density increases when surfactant (Igepal) is present
in the solution.
The exchange current density for zinc in 1,..4% KOH was measured and
found to be 0.008 A/cm3 (assuming a roughness factor of 2).
To study how surfactants influence zinc plating process, the ad-
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sorption of surfactant~ on the mercury dropping electrode was inves-
tigated by means of AC polarography. This proved to be an effective
screening test as to whether a surfactant could be adsorbed at the
overpotential corresponding to zinc deposition. By this means it was
shown that Triton X was not adsorbed at this potential and therefore
could not influence the nature of the deposit. Igepal, which does
influence the deposit, is adsorbed at the plating potential..
It is easier to control zinc deposition on rotating electrodes,
rather than on stationary electrodes, because the value of the dif-
fusion limited current increases with the speed of rotation and be-
cause the concentration of zincate at the surface of the rotating
electrode stays constant during the experiment. The polarization
curves on rotating electrodes show that mossy deposits form at po-
	
41
tentials where activation controls the plating while the dendrites
form at potentials where the diffusion limited current starts. These
two types of deposits are formed on rotating discs only at low rates
of rotation. At high rates of rotation, close to turbulent flow, at
low overpotentials (below 100 - 150 mV), smooth plating takes place,
and at high overpotenti.rils, dendritic deposition starts.
The increase in overpotential in galvanostatic charging of a
plate which has experienced shape change is greater than would be ex-
pected from the decrease in geometric area. This indicates that real
area has also decreased. This finding is consistent with a self-
accelerating process with the following steps:
..
w
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Minor decrease in geometric area.
Increase in current density.
Increase in overpotential.
Conversion from deposition of mossy zinc to dendritic zinc and
loss of rea-IL
 surface.
Greater increase; in real current density.
Greater increase in overpotent;la1 and coarser deposit.
A theory is presented which accounts for the form of the zinc deposit.
At low overpotential, (below 100 - 150 mV) zincate can diffuse readily
to regions near the ends of whiskers, but zincate is exhausted before
it can penetrate within the moss. Consequently, deposition is simul-
taneously activation controlled at the whisker tips, concentration
polarized within the moss,, and under mixed activation and diffusion,
controls in an intermediate region riear the tips. This part of the
proposed mechanism thus accounts for bhe phenomenon of deposition be-
ing diffusion controlled at low concentration overpotential.
When -the overpotential is raised above a critical value of 100 -
150 mV the intermediate region disappears because the deposition rate
at the tips increases. The diffusion layer moves out beyond the plane
of the tips. The entire deposit now becomes diffusion controlled caus-
ing a change from mossy to dendritic structure.
3
{
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9. New TecbnoloL7
1. Ti=el ce, i i fr-,x- nicafl)urements of rate of zinc growth. (See sec-
tion 5.3, P 38).
2. Screening test for evaluation of adsorption of surfactants on
electrode:.;.	 Slection 5.4. p 46).
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Figure 20
Potentlostatie deposition of
zinc on the cathode wrapped in
M	 cellophane, IL= -100 zV
44$ NOR saturated with zincate.
Mennification 100 x.
Picture taken after 30 minutes.
Figure 21
Same cathode and ex* Anent.
Picture taken after 21 hours.
Figure 22
Similes conditions as in Fig 21
but the cathode was not
wrapped in cellophane separators.
Picture taken after 30 minutes.
.
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Figure 24
Same after 21 hours.
Figure 23
Potentiostatic growth
of Zn dendrites
Ilk •--100 mV
44$ K+OH saturated with
zincates. Picture
taken after 5 hours.
100 x
Figure 26
Same after 24 minutes.
r
Figure 27
Same after 30 minutes.
i
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?figure 25
pot,entiostatic Ka -100 mV)
growth of dendrite through
hole in separators. 30% MW
saturated vith zincate after
15 ni•.ute• .	 I
aalvanostatic deposition of Zn
in micro cell with a cathode
wrapped in cellophane.
30% NON saturated with sincate.
1-1M(i=5-10.n/c.2).
xsow rication 100 x
Picture taken 10 minutes after
turning current on.
Figure 28
Figure 29
Same experiment.
Picture taken after 55 minutes.
Figure 31
Figure 32
Figure 30
Same after 120 minutes.
100 x
Same after 135 minu l es.
100 x
Same after 140 minutes.
100 x
Same after shorting to the
anode. (16 hours)
100 x
Same cell after 70 minutes,
shortly before it shorted to
the anode.
100 x
Figure 33
Figure 34
Gal.vanostatic deposition of Zn.
Identical conditions as
described in Figure 28 but the
cathode was not wrapped.
Picture was taken after
10 minutes.
100 x
Figure 35
I4	 Fig- 36
t a 195 min
IL a 320 my
Fig. 3 7
t=2OOmin
q, ° 315 mV
Three Step Penetration Of PVA
31% 1008	 30 mA/cm •q.
I
Fig. 40
71 = 13 cif
t s 290 min
PVA
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r
Den r'ri. tes in Igepal
31`x, KOH	 30mh/eq* emo
F i 38
n	 13'1 mV
t 180 min
100X
Gret'ted polyethylene
Fig. 39
11=135 mV
t = 240 min
Grafted polyethylene
Fig* 14
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Fig.. 112
400X
( one mm on the
picture = original
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i
Penetrated PVA
30% KOH set ZnO
30 MA/ set* am.
if
Fig. 43
40OX
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Fig, 44
40'OX
Penetrated Cellophane
3090 KOH as t ZnO
3u nA/ sq. cm .
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Figure 48
Oalvrnostatic plating at
low rate.
I total	 0.25 9"A
SM saturated with sincate
400 x magnification.
Beginning of the plating.
Fig 49
C.
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100 x
MAgnif icat ion
(a)
1f ^y
f 3^ roe%os
1000 x
	 Zigzag Branched
Whisker Whisker
(b )	 (c)	 (d)
Typical foal deposit after
several hours at above
given conditions.
400 x
Figure 50
Typical components of the
foam.
Foam in transmitted light.
Foams formed at low total
current. I
	
0.25 mA
(1- 2 mA/cm2 Math zlacate.
400 x
Figure 52
Same foam In reflected light.
400 x
Figure 53
Sane foam in im mrsion oil.
1000 x
Note branched whisker at
lower left corner.
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figure 54 POUntlostatic penetration of Zu throes cel-lophane. oq • 200 aV.
Separators penetrated in 1 hour. 4441 OF or.tarated with zincate
a. 100 x
b. 400 x
to
10
M
I
Figure .7
Same separat or &^, J n
Figure 56 but	 -
fication is 100 z.
Figs 55
of
locentlostatic penetratlon
of Zn into w*'3ophane .
1k •--1A0 aY
solution: Ah
Safrated with sincate.
Wtial stage of penetra-
tion after 21 hours.
Magnification 100 s
Figure 56
Galvanostatic penetra-
tion of Zn into aello-
phane.
i • 15 MA/CS2
4 i MDR saturated w fth
zincate
40 x
Figure 59
Another spot on the
saioe separator.
400 x
i
Figure 58
Separator partially
penetrated by sponge
and roan after
galvanostatic deposi-
tion of Zn in 30% KOK
saturated with zincate.
I a 1mA( i•5-10
mA/cm2). Taken
after 16 hour polari-
zation.
100 x
I
5 •	 FIGURE. 60
POTENTIOSTATIC DEPOSITION OF Z n.
O — CATHODE WRAPPED
O — CATHODE UNWRAPPED
4
	
--loo MV
SOLUTION:44%KOH SATURATED
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DENSITY OF ZINC DEPOSIT IN A TUNNEL CELL
AS A FUNCTION OF PLATING OVERPOTENTIAL.
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INFLUENCE OF SURFACTANT ON THE DENSITY
OF ZINC DEPOSIT
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Fig. 77 Rotating Disc Apparatus
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Fig. 8F,16 - Dendritic
Growth.
Fig. 85c —Concentration
Gradient. Condition Of
Mossy Plating:
c!(b ♦x)
_ d I
&t at
Dendritic Plating:
a(s+x)	 al
at dt
Fig. 85d - Distribution
Of Components in a Mossy
Deposit.
x =X + S	 A =x	 x =p
Fig. 85 Model of Mossy and Dendritic Plating From Solution.
Mixed
Activation
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Activation	 Diffusion
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Tip Plating	 Side
Plating
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Complete
Concentration
Polarization
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Fig. 85a - Diagramat c
Representation Of Self
Regulating Mechanism Of
Uhisker Plating in a
Mosey Deposit.
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Figure 880
Same separator.
Magnification 1000 x
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